One hundred twenty male Sprague-Dawley rats (3 weeks old) were given biotin-deficient diets containing ovalbumin as the protein source. Ten control rats of the same origin were fed a commercially available purified diet that used casein as a protein source. Eosinophils and histiocytes were observed at a higher frequency in lungs of rats fed the purified diets containing ovalbumin than in the controls. Foam cells were confined to subpleural and peribronchial regions, reacting positively to anti-lysozyme antibody. The incidence ofpulmonary histiocytosis was 76/ 120 rats (63.3%) in the groups fed the ovalbumin-containing diets as compared with 1/10 (10.0%) in the controls. The accumulation of eosinophils in lung was highest (6124 rats, 25%) at 3 months. This lesion was not seen in the controls. Eosinophils were first observed in the penvascular and peribronchiolar regions. In advanced lesions, macrophages and mast cells also appeared in the lesions, which at this stage resembled so-called idiopathic chronic eosinophilic pneumonia of human beings. Neither foam cells nor eosinophils were present in any of the other organs. Because there was no difference in the composition of the diets with the exception of the protein source, these lung lesions may be due to biotin deficiency resulting from the use of ovalbumin as the protein source.
Semisynthetic basal diets have been used for many animal experiments, but no report has described the effect of nutritional factors on the lungs. Pulmonary foam cells are quite common in rats,2,5.12 and a variety of potential factors have been studied. Foam cells are generally thought to originate from the alveolar macrophages4 or blood monocytes.ll There are no reports on the relationship between pulmonary foam cells and diets with normal fat content. Although infiltration of tissue by eosinophils is often evoked by parasitic infestation, spontaneous pulmonary eosinophilic infiltration is rare in laboratory anima1s.l' Immunologic or allergic mechanisms are believed to induce pulmonary infiltration by eosinophils in several species, but the trigger is ~n k n o w n . ' . '~,~~
In this paper, we describe histologic findings of lung lesions, so-called pulmonary lipidosis and eosinophilic pneumonia3 in rats fed a special diet (ovalbumin diets) using ovalbumin as the protein source. An understanding of these lung lesions is necessary to correctly interpret the results from studies using similar semisynthetic diets. Additionally, the lung lesions may serve as a model for the human disease eosinophilic pneumonia.
Materials and Methods
One hundred thirty male Sprague-Dawley specific-pathogen-free rats (3 weeks old, JAPAN SLC, Shizuoka, Japan) were used for study on interaction of trace elements. Of the 130 rats, 120 were given special experimental diets (ovalbumin diets), with supplementation of various levels of zinc and cadmium compounds, and distilled water ad libitum. The animals were divided into 12 groups of 10 rats each. Zinc content of the diets ranged from approximately 0 ppm (deficient) to 600 ppm (excessive), and cadmium content ranged from 0 ppm to 100 ppm (Table I) . Ten control animals were fed commercial stock diet (F-1, Funabashi Farm, Funabashi, Japan), which contained 0.05-0.1 ppm Cd and 4 0 4 5 ppm Zn. In the ovalbumin diets, dried egg albumin was used as the protein source because of its low zinc content ( Table 2) . All animals were placed in polycarbonate cages, three rats per cage, and kept in a bamer system animal room conditioned at a temperature of 22 -+ 2 C with relative humidity of 55% k 5% throughout the experimental period.
Once a month for 5 months, two rats from the each group were euthanatized under deep ether anesthesia. The thorax was opened and the lungs were carefully examined for gross pathologic lesions. The lungs and femoral bone marrow were fixed by immersion in 10% neutral buffered formalin and were embedded in paraffin wax. Tissue sections were stained with hematoxylin and eosin (HE). Selected sections from the Table 1 . Mean (range) zinc and cadmium contents of rat diets in which ovalbumin was used as protein source. 0 (1.9-2.2) 0 (1.9-2.2) 0 (1.9-2.2) 5 (5. lungs were stained with periodic acid-Schiff reaction (PAS) and Luna's method for eosinophils. Some paraffin-embedded sections were stained immunohistochemically by the streptavidin-biotin-peroxidase complex (SABC) method using an anti-lysozyme antibody (DAKO, Carpinteria, CA). Frozen sections of formalin-fixed lung tissues were stained with Sudan I11 to demonstrate lipid. The incidence of pulmonary foam cells was examined in HE-stained sections. Eosinophil infiltration was graded according to the following criteria: absent (-) = no eosinophil infiltration; slight (+) = one layer infiltration in penvascular or peribronchiolar tissue; moderate (+ +) = two to five layers; marked (+ + +) = more than six layers. For three animals that had moderate or marked eosinophil infiltration, 100 eosinophils were counted in pulmonary lesions of each rat and classified into three groups on the basis of nuclear segmentation: 1) ring-shaped, 2) one or two segments, and three segments. There were too few eosinophils in lesions graded as slight to permit counting I00 eosinoph ils/section. For electron microscopy, some of the lungs in which foci had been observed grossly were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and postfixed in 1% osmium tetroxide at 4 C then dehydrated in the ethanol and embedded in Epon 8 12 (TAAB, UK). Ultrathin sections were stained with uranyl acetate and lead citrate and examined with an electron microscope at 85 kV (JEM-1OOSX).
For each rat, femoral bone marrow was examined by light microscopy. Cells with eosinophilic granules were identified as eosinophils or eosinophilic metamyelocytes.
Incidence of pulmonary lesions was analyzed by the chisquare method; P values I 0.05 were considered significant.
Results
Body weights of each group of rats is illustrated in Fig. 1 .Zn-deficient rats showed only gradual increases in body weight and remained smaller in size than did control rats fed the commercial diet. Rats with adequate Zn fed the ovalbumin diet showed a 10-30% reduction in body weight as compared with the con- trols throughout the study. Growth depression in Zndeficient rats was prominent, even in animals fed the Zn-deficient diet including 100 ppm Cd, as compared with the other rats fed ovalbumin diets. Grossly, foam cell accumulation appeared as grayish white round foci distributed irregularly in the lungs. Most of the foci smaller than 1-2 mm in diameter appeared on the dorsal surfaces. Gross characteristics of eosinophil infiltration were not visible in early lesions, however some consolidated foci appeared in later stages.
Microscopically, pulmonary foam cells were located in the subpleural and peribronchial regions. Foam cells were larger than normal alveolar macrophages, sometimes with large vacuoles (Fig. 2) . Sudan I11 stain revealed fine lipid droplets in the cytoplasm of the foam cells. PAS-positive granular material was also present in the cytoplasm. These foam cells reacted positively to anti-lysozyme antibody. No other inflammatory cell infiltrates were present in regions of foam cell accumulation. There was no qualitative difference in the foam cells between rats fed the ovalbumin diets and those fed the control diet, although foam cell accumulation was more severe in rats fed the ovalbumin diets ( Table 3 ). The overall incidence of foam cells was 76/120 (63.3%) in the rats fed the ovalbumin diets, whereas it was 1/10 (10.0%) in control rats ( Table 3 ). The incidence of pulmonary foam cells increased according to the feeding period and peaked at month 4 but was not affected by Zn or Cd content of the diets (Fig. 3 , Table 4 ). Eosinophil infiltration was present only in the perivascular and peribronchiolar regions at earlier time points. In rats with extensive involvement examined later, there were large numbers of eosinophils, macrophages, and occasional mast cells within the interstitium and within alveoli, resembling so-called idiopathic chronic eosinophilic pneumonia of humans ( Fig.   4 ). Many macrophages contained Luna-negative, PASpositive granules. There was also thickening of the pulmonary arterial wall due to hypertrophy of smooth muscle and hyperplasia of the bronchial epithelium. However, neither fibrinoid necrosis nor fibrinoid degeneration were observed in the lungs. Many goblet cells were present in the bronchial mucosa. The bronchial lumina were filled with mucus containing numerous eosinophils. No eosinophil infiltration was present in the control rats, although this lesion was present in 14/ 120 (1 1.7%) of the rats fed the ovalbumin diets ( Table 4 ). Eosinophils began to appear in the rat lungs after 1 month of age. The highest incidence was 6/24 rats (25.0%) at the age of 3 months and declined by 5 months (Fig. 3) . The percentages of eosinophils with trisegmented nuclei in moderate or marked eosinophilic pneumonia were 45.6% k 3.7% and 57.3% k 1.2%, respectively (Fig. 5) . Bone marrow eosinophilic metamyelocytes in some rats with marked eosinophilic pneumonia were increased as compared with control rats.
Electron microscopic examination revealed round or oval foam cells with enlarged cytoplasm filled with Table 3 . Severity and incidence of rat lung lesions in ovalbumin diet and control groups. lipid droplets and membrane-bound vacuoles containing myelin-like bodies, cholesterol crystals, and multilobular lipid bodies (Fig. 6) . In foci of eosinophil infiltration, granular matrices of eosinophils were swollen. Some macrophages contained crystalloid granules, which derived from broken eosinophils (Fig. 7) .
The lesions were observed in all groups fed the ovalbumin diets, regardless of Zn or Cd contents (Table 4 ). Neither foam cells nor eosinophils were present in any other organs.
Discussion
In the present study, pulmonary foam cells appeared at a significantly higher frequency in rats fed diets using ovalbumin as a protein source than in rats fed a caseinbased diet. The incidence of pulmonary foam cells was accentuated with increasing age and was 63.3% in the rats fed the ovalbumin diets. In Sprague-Dawley rats, pulmonary foam cells were reported to occur spontaneously in 18 of 28 1 rats but were not observed in rats Fig. 4 . Lung; rat fed ovalbumin diet. Numerous eosinophils are seen within alveoli. There is also thickening of the pulmonary arterial wall. HE. under 15 months old. 22 The incidence of pulmonary foam cells observed in the rats fed the commercial casein-based diet is in accord with that previously reported.22 Similar lesions in rats have also been reported by ~t h e r s .~,~J~ This lesion in rats has been considered to be related to deficient diet.2 The lesion in germ-free rats was seen primarily in rats that had been on either a low-protein choline-deficient cirrhogenic diet or on a pantothenic acid-deficient diet; it did not occur to any significant degree in non-germ-free control rats on the same diet or in germ-free animals on stock diet.2 In the present study, there was no difference in the ingredients between the commercial diet and the ovalbumin diet except the protein source. Avidin, a component of egg white, forms an unabsorbable complex with biotin in the alimentary tract, consequently producing biotin deficiency in animals.2o Because the ovalbumin-fed rats showed a reduction in body weight compared with the control rat fed the commercial diet, the 24.2% ovalbumin diet may have produced biotin deficiency. The rats fed this diet were likely in poor condition and suffering from disturbed lipid and carbohydrate metabolism. 21 In rats fed a cholesterol-sup- plemented diet, macrophages containing lipid droplets were found in alveolar septa and in a l v e~l i .~~~. '~ The extent of pulmonary foam cell accumulation was related to serum lipid level. 12 The accumulation of pulmonary foam cells might, therefore, be an expression of an attempt to maintain a steady state of lipid metabolism in the body.5 Biotin deficiency leads to reduction in the activity of biotin-dependent enzymes such as pyruvate and propionyl CoA carboxylases in rats.9 Thus, the pulmonary changes may be due to biotin deficiency. Pulmonary foam cells are considered to be derived from circulating precursors of bone marrowLs or monocyte4Jl origm and to be one of the earliest histologic expressions of hyperlipidemic conditions in rats." Our results using anti-lysozyme antibody also suggest that foam cells might originate from macrophages.
The eosinophilic pulmonary infiltration resembled so-called eosinophilic pneumonia in humans, a condition that may or may not be associated with blood eosinophilia.6 In eosinophilic pneumonia, eosinophils, small number of macrophages, and mast cells often infiltrate into the interstitial tissues. The precise mechanism is not clear; however, it is assumed to reflect some altered immunologic response or allergic reaction because of characteristic foci containing many eosinophils.6 Also observed in eosinophilic pneumonia are eosinophilic mucin in bronchial lumina, thickening of the arterial wall, and hyperplasia of bronchial mucosa. These findings resemble that of chronic a~t h m a .~ Although pulmonary and blood eosinophilia has been reported to occur in appropriate experimental animal m~d e l s ,~J~J~ we do not know of any published report on similar lesions in the rat caused by special diets using ovalbumin as protein source. However, attempts to provoke eosinophils experimentally with antigens such as ovalbumin or plasma protein have seldom been productive.14J9 Eosinophils from rats with eosinophilic pneumonia were characterized by hypersegmented nuclei. It is usually accepted that the number of nuclear lobes reflects the age of the cell in circulati~n.'~ The increase in hypersegmented eosinophils may reflect an increased average age of the eosinophils. Because peripheral blood smears were not examined, it is difficult to interpret these findings. Eosinophils obtained from patients with eosinophilia appear significantly activated when compared with normal eosinophils by the criteria of surface charge, activation of lysosomal acid phosphatase, membrane hexose transport, and oxidative metabolism.' Activation of the eosinophil system may be accompanied by an accelerated nuclear segmentation of the eosinophil~.'~ Activated macrophages secrete a number of enzymes and factors,'O some of which are known to possess eosinophil chemoattractants, such as platelet-activating factor, tumor-necrosis factor, granulocyte-macrophage colony-stimulating factor, and eosinophil-activating factor. I 3 , I 6 Further studies are required to determine which of these factors mediate pulmonary eosinophilia. Increase of eosinophilic metamyelocytes in bone marrow might be a secondary event arising from recruitment to the lesions, because this change was not observed in rats with less than marked eosinophilic pneumonia.
The incidence and severity of pulmonary lesions were higher in rats fed ovalbumin diets than in the controls fed a commercial diet containing casein as the protein source. Because the lung lesions were present at similar incidence and severity in all rats fed ovalbumin, the lesions could not be correlated with zinc or cadmium in the diet. The eosinophil infiltration and the in-Vet Pathol 325, 1995 Rat Lung Lesions and Biotin Deficiency 503 creased incidence and severity of pulmonary foam cell infiltration may be due to the ovalbumin as the protein source. Rats fed ovalbumin diets may serve as an animal model for eosinophilic pneumonia in humans; however, the mechanism involved in this reaction remains to be determined.
